. This efficiency is much higher than that of the TNP-based cell (4.00%). The significant enhancements in the open-circuit voltage, short-circuit current, and power conversion efficiency of the 1D CTNP-based CdSe QDSSC compared to the TNP-based cell are explained as follows. The 1D CTNP photoanode has large pores and a relatively high specific surface area, facilitating the loading of CdSe QDs and, most importantly, providing an efficient electron transport pathway, which effectively facilitates electron transport and prolongs electron lifetime. The excellent properties of the 1D CTNPs make them an optimal candidate as a photoanode material for highly efficient QDSSCs.
Introduction
The rapid development of the global economy, people's increasing demand for energy, global environmental problems, and depletion of fossil fuels have forced the exploration of clean, regenerative energy. The development of photovoltaic devices have opened up a new opportunity to use solar energy.
1,2
As one type of cost-effective, third-generation photovoltaic cells, CdSe quantum dot-sensitized solar cells (QDSSCs) have drawn much attention because of their intrinsic advantages compared to other photovoltaic devices, such as superior extinction coefcient, solution processing ability, and tunable band gap based on QD size.
3-8 Furthermore, with the possibility of multiple exciton generation, the theoretical photovoltaic conversion efficiency in QDSSCs is 44%, which is much higher than that of semiconductor solar cells (31%) according to the SchockleyQueisser limit.
9,10
The photovoltaic conversion efficiencies of QDSSCs have increased rapidly from $1% to $12% as a result of research efforts in recent years. 7, [11] [12] [13] [14] However, there is still a large gap between the conversion efficiencies of practical QDSSC devices and the theoretical limit (44%), indicating that the photoanode, QDs, interface recombination, electrolyte and counter electrode in QDSSCs have still not been optimized. As a signicant part of a QDSSC, the metal-oxide photoanode acts as a scaffold to anchor the QD sensitizers and provides a pathway to transport the photo-generated electrons. Generally, TiO 2 nanoparticles (TNPs) with sizes of 10-30 nm, which offer sufficient specic areas for QDs loading, are the most widely used material to fabricate photoanodes. However, the TNPs-based photoanode provide a random a pathway for electron transport, where exists large numbers of defects and grain boundaries, [15] [16] [17] which seriously restricts the transport of electrons and enhances electron recombination, thus further increasing the electron transport time and decreasing the electron lifetime. Finally, the TNP-based photoanode would suffer from poor charge transport and collection efficiency. The TiO 2 nanoparticles also show inefficient light scattering ability, resulting in poor lightharvesting efficiency. One-dimensional (1D) nanostructures such as nanowires and nanotubes are considered as promising candidates to overcome the shortcomings of TNPs because they can provide direct pathways for electron transport, thus facilitating electron transport and suppressing charge recombination. 18, 19 However, 1D nanostructures usually have low specic surface areas, leading to low QD loading and low QDSSC conversion efficiency compared to TNP-based cells. 20 Specially, some photoanodes with 1D nanostructures have been grown directly on conductive substrates, which is not convenient for the fabrication of large surfaces; however, fabricating photoanodes via screen-printing methods could overcome this problem.
In this paper, a unique TiO 2 nanostructure was synthesized by a simple one-pot solvothermal reaction, which is formed by self-assembly of TiO 2 nanoparticles into one-dimensional nanostructure. These nanostructures are termed 1D connected TiO 2 nanoparticles (1D CTNPs). To test the performance of the photoanode based on 1D CTNPs in QDSSCs, the 1D CTNP-based photoanode fabricated via screen printing was used to assemble CdSe QDSSCs. The performance of the new CdSe QDSSCs was compared to that of CdSe QDSSCs based on a conventional TNP photoanode synthesized in the same way but with a different reaction time. The 1D CTNP-based CdSe QDSSC shows an impressive light-to-electricity conversion efficiency of 5.45% accompanying an open-circuit voltage (V oc ) of 596 mV, a ll factor (FF) of 0.52, and a short-circuit current density (J sc ) of 17.48 mA cm À2 . This conversion efficiency is much higher than that of the TNP-based cell (4.00%). The signicant enhancements in the open-circuit voltage, short-circuit current, and power conversion efficiency (PCE) of the 1D CTNP-based CdSe QDSSC compared to the TNP-based cell are explained as follows. The 1D CTNP photoanode has large pores and a relatively high specic surface area, facilitating the loading and lling with CdSe QDs and, most importantly, providing an efficient electron transport pathway, which effectively facilitates electron transport and prolongs electron lifetime. Typically, 1.0 mL of MPA-methanol solution (160 mL MPA added to 1 mL methanol and adjusted to pH 11 with 30% NaOH aqueous solution) was added into 20 mL of a solution of CdSe QDs in chloroform and stirred for 2 h to precipitate the QDs. Then, 20 mL water was injected into the mixture and stirred for another 10 min. The aqueous phase containing QDs was collected and puried with acetone. Finally, the water-soluble MPA-capped CdSe QDs aqueous solution was obtained by adding 1 mL water.
Experimental section

Synthesis of two TiO 2 nanostructures
To compare the effects of the TNP-based and 1D CTNP-based photoanodes on the performances of the QDSSCs, the two TiO 2 nanostructures were synthesized under the same conditions but with different reaction times. In detail, 1 mL of TBT was added dropwise to 30 mL HAc with rigorous magnetic stirring and kept for 30 min at room temperature. The obtained white solution was transferred into a 50 mL Teon-lined stainless-steel autoclave, which was placed in an electronic oven and maintained at 160 C for 10 min (TNPs) or 30 min (1D CTNPs). Aer the autoclaves were cooled to room temperature naturally, the two nanostructured products were obtained by freeze-drying and then annealed at 500 C for 3 h to remove the residual organics.
Preparation of screen-printing pastes
To prepare the mesoporous TiO 2 pastes, 0.5 g TNPs or 1D CTNPs were added to 3.8 mL anhydrous ethanol and sonicated for 30 min. Then, 2.0 g of terpineol and 2.6 g of an ethanol solution containing 10 wt% EC were added and sonicated for another 1 h in above anhydrous ethanol containing TNPs or 1D CTNPs. To obtain the nal TiO 2 pastes, the ethanol was completely removed from the above solution using a rotary evaporator.
Fabrication of the TiO 2 photoanodes and CdSe QDSSCs
To prepare the mesoporous TiO 2 photoanode lm, uorine-doped tin oxide (FTO) conducting glass (14 U per square resistance) was rst cleaned using an ultrasonic machine in acetone for 15 min, ethanol for 15 min, and deionized water for 15 min, respectively. Subsequently, the clean FTO glass was immersed in a TiCl 4 solution (40 mM) and stored in a closed vessel for 30 min at 70 C to form a TiO 2 barrier layer. The glass was then washed with deionized water and ethanol. The prepared TiO 2 paste was sequentially screen-printed on the pre-treated FTO glass and dried in an electronic oven at 120 C for 7 min each time. When all the printing steps were completed, the photoanode lms were gradually heated at 325 C for 5 min, 375 C for 5 min, 450 C for 15 min, and nally at 500 C for 15 min. The thicknesses of the photoanode lms could be controlled by controlling the screen-printing time; the average thickness of the two nanostructured photoanode lms was about 21 mm. The resultant TiO 2 photoanode lms were sensitized with pre-prepared, water-soluble, MPA-capped CdSe QDs via a pipetting method. 21 Briey, 40 mL of an aqueous solution of CdSe QDs was dropped onto the TiO 2 photoanode lm, kept at 35 C for 5 h, and then washed with deionized water and ethanol. Aer nishing the CdSe QD deposition process, the CdSesensitized TiO 2 lm was coated with a ZnS passivation layer through four cycles of immersing the lm into an aqueous solution of 0.1 M Zn(OAc) 2 and 0.1 M Na 2 S for 1 min per dip and rinsing with deionized water between dips. 7, 22 To efficiently suppress the recombination of photogenerated electrons in the QDs with holes residing in the electrolyte, aer coating with the ZnS layer, further SiO 2 coating was carried out by dipping the ZnS-coated photoanode lms in 0.01 M tetraethylorthosilicate ethanol solution containing 0.1 M NH 4 OH for 2 h and then rinsing with water and drying in air. 23, 24 Finally, the resulting TiO 2 lms were subjected to a sintering process at 305 C for 2 min. Cu 2 S counter electrodes were fabricated according to the literature. 25 Typically, Cu(CH 3 COO) 2 H 2 O (0.64 g) or thiourea (0.37 g) were each added to 30 mL of ethylene glycol. The two obtained solutions were mixed and transferred into a 100 mL, Teon-lined, stainless-steel autoclave and maintained at 180 C for 5 h. The products were washed with deionized water and ethanol and nally dried in a vacuum oven at 60 C for 4 h.
Similar to the TiO 2 pastes, the Cu 2 S pastes were obtained by adding the Cu 2 S nanoparticles into anhydrous ethanol under continuous sonication together with 1.0 g of terpineol and 2.3 g of an ethanol solution containing 10 wt% EC. Aer further sonication for 5 min to obtain a uniform mixture, the ethanol was removed via rotary evaporation. The Cu 2 S paste was deposited onto the cleaned FTO glass by screen-printing. The QDSSCs were constructed in a sandwich structure by assembling the TiO 2 photoanodes, Cu 2 S counter electrodes, and the polysulde electrolyte (2.0 M Na 2 S, 2.0 M S, and 0.2 M KCl) in the interspaces.
Characterization
The morphologies and sizes of TNPs and 1D CTNPs were characterized by scanning electron microscopy (SEM; Hitachi SU-70) and transmission electron microscopy (TEM; FEI Tecnai G2 F20) at a 200 kV accelerating voltage. An energy dispersive Xray (EDX) spectroscope coupled to a FE-SEM was used to analyze the composition of the samples. The crystal structures of the TiO 2 materials were analyzed by X-ray diffraction (XRD; Rigaku D/max-2600/PC) using Cu-Ka (l ¼ 1.54178Å) radiation over the 2 theta range of . The specic surface areas and pore size distributions of the two TiO 2 powders were determined from nitrogen adsorption-desorption isotherms using a Micromeritics surface area analyzer (ASAP 2010) and calculated using the Brunauer-Emmett-Teller (BET) method. The optical properties of the TiO 2 materials were determined by ultravioletvisible spectrophotometry (PerkinElmer, Lambda 850) over the wavelength range of 350 to 700 nm. The current densityvoltage (J-V) curves of the two devices were characterized using a Keithley 2400 sourcemeter under an AM 1.5 G solar simulator with an intensity of 100 mW cm À2 . The incident light intensity was calibrated with a national renewable energy laboratorycertied silicon reference cell (Zolix QE-B1). An active area of 0.25 cm 2 was accurately dened using a mask placed in front of the cell. The incident photon-to-current efficiency (IPCE) spectra were measured as a function of wavelength from 400 to 750 nm using a Spectral Products LSP-X150 monochromator. Electrochemical impedance spectroscopy (EIS) was conducted on an electrochemical workstation (VMP3, France) in dark conditions at the negative bias of the V oc for each sample; the frequency range was varied from 200 kHz to 1 MHz. Intensitymodulated photovoltage spectroscopy (IMVS) and intensitymodulated photocurrent spectroscopy (IMPS) measurements were carried out on a electrochemical work station (Zahner Elektrik, Germany) with a frequency response analyzer under a white light-emitting diode (wlr-01); the frequency range was 1 kHz to 0.1 Hz. These chains of nanospheres were formed by the ordered selfassembly of TiO 2 nanoparticles when the reaction time was extended to 30 min. The HRTEM image shown in Fig. 1(f) shows clear lattice fringes of the nanoparticles in the 1D CTNPs; the joints of two adjacent nanoparticles also show clear lattice fringes, indicating the good crystallinity of the 1D CTNPs and guaranteeing an efficient electron transport pathway. The selected-area electron diffraction (SAED) pattern of the two typical samples (insets in Fig. 1(c) and (f) ) show that the TNPs and 1D CTNPs were polycrystalline.
Results and discussion
The phase structures and crystallinities of the two TiO 2 samples were characterized using XRD. As shown in Fig. 2 , the diffraction peaks of the two samples were indexed to the anatase phase of TiO 2 (JCPDS no. 73-1764). In detail, the major peaks at 25 indicating that the main growth direction of the as-prepared TiO 2 samples was along with (101) direction. Growth along the (101) crystal plane is advantageous for electronic applications as it results in higher electron transport speed, lower carrier recombination rate, better optical transparency, and higher specic surface area compared to growth along other directions.
27
The specic surface areas and pore size distributions of the TNPs and 1D CTNPs were characterized based on nitrogen adsorption-desorption isotherms (Fig. 3) . Both samples exhibited type-IV isotherms according to the BrunauerDeming-Deming-Teller classication. 28 For the TNPs, the pore size distribution (inset in Fig. 3 ) calculated from the desorption branch of the nitrogen isotherm by the BET method indicates a wide range of pore sizes from 5 to 60 nm with a maximum pore diameter of about 7.55 nm. For the 1D CTNPs, the pore size distribution (inset in Fig. 3) indicates a maximum pore diameter of about 12.45 nm. The ordered self-assembly of TNPs in the 1D CTNPs (see the SEM and TEM results) clearly resulted in greater pore sizes and smaller BET specic surface area (84.11 versus 111.94 m 2 g À1 ) compared to the TNPs. Although the BET specic surface area of the 1D CTNPs was slightly lower than that of the TNPs, the large pore size distribution would be extremely useful in QDSSCs by providing pathways for colloidal QDs and electrolyte molecules. For comparison, two kinds of TiO 2 photoanode lms (lm 1, TNPs; lm 2, 1D CTNPs) with similar average thicknesses were deposited on FTO glasses coated with TiO 2 barrier layers using the same screen-printing times. Fig. S1 in the ESI † shows the cross-sectional SEM images of seven TNP lms and seven 1D CTNP lms formed using the same screen-printing time. The lm thicknesses were slightly different, and the average thickness was about 21 mm. Fig. 4 shows the cross-sectional SEM images of the photoanode lms prepared using the TNP and 1D CTNP pastes. The thicknesses of the two photoanode lms were similar (average thickness ¼ 21 mm), and the TiO 2 nanostructures in the photoanode lms were largely retained aer screen printing compared with the as-prepared TiO 2 powers (as shown in Fig. 4(b) and (d) ). CdSe QDSSCs based on the two lms were fabricated by assembling sandwich structures with polysulde electrolytes and Cu 2 S counter electrodes. Fig. 5(a) shows typical J-V curves of the two CdSe QDSSCs irradiated by AM 1.5 G simulated sunlight (100 mW cm À2 ). The detailed photovoltaic parameters, including J sc , V oc , ll factor (FF), and overall PCE, are summarized in Table 1 . The two CdSe QDSSCs have similar FFs of 51-52%. However, the V oc of the 1D CTNPs-based cell was higher than that of the TNP-based cell (550 versus 596 mV), and the J sc values were signicantly different (14.29 mA cm À2 for the TNP-based cell and 17.48 mA cm À2 for the 1D CTNP-based cell).
As a result, the PCEs different signicantly (4.00% for the TNPbased cell compared to 5.45% for the 1D CTNP-based cell). To further illustrate the effects of the TNP-and 1D CTNP-based photoanodes on the performances of the CdSe QDSSCs, the monochromatic IPCE spectra were collected as functions of wavelength from 350 to 700 nm ( Fig. 5(b) ). Compared with the TNP-based cell, the 1D CTNP-based cell resulted in an obvious enhancement in quantum efficiency over the entire tested wavelength range. Generally, IPCE can be dened as IPCE(l) ¼ LHE(l)4 inj (l)4 reg (l)h cc (l), where LHE(l) is the light-harvesting efficiency, 4 inj (l) and 4 reg (l) are the quantum yields for electron injection and quantum dot regeneration, respectively, and h cc (l) is the charge collection efficiency. 29 1D CTNP-based lm had a higher reectance value than the TNP-based lm over the entire wavelength range from 350 to 700 nm ( Fig. 6(a) ), indicating that 1D CTNPs have better light-scattering ability than TNPs. 26, [30] [31] [32] Fig. 6(b) shows the optical absorbances of the CdSe QD-sensitized photoanodes based on TNP and 1D CTNP lms (TNPs/CdSe and 1D-CTNPs/CdSe, respectively). The absorbance of the 1D-CTNPs/CdSe lm was much higher than that of TNPs/CdSe lm, indicating that a greater amount of CdSe QDs was absorbed on the 1D CTNP photoanode. As shown in the inset of Fig. S2 in the ESI, † the darker color of the 1D CTNPs/CdSe lm compared to the TNPs/CdSe lm also implies a greater amount of adsorbed QDs. To further investigate the difference in the loading of colloidal CdSe QDs on the 1D CTNP and TNP lms, the Cd/Ti atomic ratios at different depths in the TNPs/CdSe and 1D CTNPs/CdSe lms are shown in Fig. S2 . † Fig. S3 † shows the detailed EDX images at different depths in the TNPs/CdSe and 1D CTNPs/CdSe lms. The Cd/Ti atomic ratios in the 1D CTNPs/CdSe lm were about 1.6-times larger than those in the TNPs/CdSe lm at all depths, conrming that more QDs were adsorbed onto the 1D CTNP lm than on the TNP lm. LHE is mainly inuenced by the light-scattering ability of the photoanode and the amount of loaded QDs. The above experimental results indicate that the LHE of the CdSe QDSSC based on 1D-CTNP was higher than that of the CdSe QDSSC based on TNPs, and this higher LHE was responsible for the enhanced J sc . The 4 inj (l) and 4 reg (l) values of the TNPs/CdSe and 1D CTNPs/CdSe photoelectrodes were the same.
To further investigate the charge collection efficiencies [h cc (l)] of the two QDSSCs, IMPS and IMVS measurements were employed to characterize the dynamics of charge transport and charge recombination in the QDSSCs. The electron transport time (s d ) and electron lifetime (s r ) were derived from the IMPS and IMVS maps using the following expressions: Fig. 7(a) shows the s d and s r values of the QDSSCs based on the above two photoelectrodes as functions of light intensity. Both s d and s r decreased with increasing light intensity due to the fact that at higher light intensities there are more photo-generated electrons available to ll the deep traps, and since electron trapping/detrapping occurs at shallower levels, the transfer of other free electrons becomes faster the closer to full the traps are. 29 Compared with the QDSSC based on the TNP photoanode, the QDSSC based on the 1D CTNP photoanode exhibited a faster electron transport rate (lower s d ) and slower electron recombination rate (larger s r ). This was attributed to the fact that: compared with TNPs photoanode, self-assembly of TiO 2 nanoparticle into 1D nanochains in 1D CTNPs, which provide a shorter and efficient electron transport pathway, thus leading to the faster electron transport rate, moreover, the smaller specic surface area would decrease additional recombination centers to suppress charge recombination, leading to prolonged electron lifetime. The charge collection efficiency of the QDSSCs based on the two types of TiO 2 photoanodes were estimated using the following equation: s r ) ; the results are shown in Fig. 7(b) . 34 The h cc values of the QDSSC based on the 1D CTNP photoanode were higher than those of the QDSSC based on the TNP photoanode at different incident light densities. Taking all factors into account, the higher IPCE of the 1D CTNP-based cell compared to the TNP-based cell can be rationally attributed to the enhanced light-harvesting efficiency and good charge collection efficiency of the 1D CTNP-based cell, which led to higher J sc .
To deeply investigate the interfacial electron transfer resistance, the EIS spectra of the two cells were also collected (Fig. 8) . The Nyquist curves exhibited two semicircles corresponding to electron injection at the counter electrode/electrolyte interface and transfer in the electrolyte at high frequencies (R 1 , the rst semicircle), and recombination resistance for the electrontransfer process at the TiO 2 lm/QDs/electrolyte interface and transport in the TiO 2 lm (R 2 , the second semicircle). 35 The tting results show the value of R 2 of 1D CTNP-based cell increases from 31.20 U to 124.50 U compared with TNPs based cell, which predicted the reduced interfacial recombination, and thus leading to higher V oc , which is in agreement with above photovoltaic data. The increase in R 2 is mainly attributed to the reduction in the contact area of TiO 2 with the electrolyte because the relatively low specic surface area and high loading of QDs on the 1D CTNP-based photoanode impede the direct exposure of TiO 2 to the electrolyte. Meanwhile, the 1D CTNPs may be efficiently coated by the inorganic ZnS/SiO 2 double This journal is © The Royal Society of Chemistry 2017
